Introduction 53
Splicing, the removal of introns after transcription, is an essential step during the 54 generation of mature mRNAs in eukaryotes. This process allows variation which 55 provides the basis for quick adaptation to changing conditions 1, 2 . Alternative splicing, 56 e.g. skipping exons, usage of alternative 5' or 3' splice sites and the retention of 57 introns, results in an enormous diversity of synthesized proteins and therefore 58 substantially expands the diversity of products encoded in eukaryotic genomes [3] [4] [5] [6] . 59
The full range of functions as well as the evolutionary relevance of introns are still 60 under discussion 7 . However, introns are energetically expensive for the cell to 61 maintain as the transcription of introns costs time and energy and the removal of 62 3 introns has to be exactly regulated 8 . Dinucleotides at both intron/exon borders mark 63 the splice sites and are therefore highly conserved 9 . GT at the 5' end and AG at the 64 3' end of an intron form the canonical splice site combination on DNA level. More 65 complexity arises through non-canonical splice site combinations, which deviate from 66 the highly conserved canonical one. Besides the major non-canonical splice site 67 combinations GC-AG and AT-AC, several minor non-canonical splice site 68 combinations have been detected before 9, 10 . 69
Furthermore, the position of introns in homologous genes across organisms, which 70 diverged 500-1500 million years ago, are not conserved 11 . In addition, many intron 71 sequences mutate at a higher rate due to having much less of an impact on the 72 reproductive fitness of an organism compared to a mutation located within an exon 73 12 . These factors, along with the existence of several non-canonical splice sites, 74 make the complete prediction of introns, even in non-complex organisms like yeast, 75 almost impossible 13, 14 . Moreover, most introns which can be predicted 76 computationally still lack experimental support 15 . 77
Splice sites are recognised during the splicing process by a complex of snRNAs and 78 proteins, the spliceosome 16 . U2-spliceosome and U12-spliceosome are two 79 subtypes of this complex which comprise slightly different proteins with equivalent 80 functions [17] [18] [19] . Although the terminal dinucleotides are important for the splicing 81 process, these splice sites are not sufficient to determine which spliceosome is 82 processing the enclosed intron 20 . This demonstrates the complexity of the splicing 83 process which involves additional signals present in the DNA. Even though multiple 84 mechanisms could explain the splicing process, the exact mechanism of non-85 canonical splicing is still not completely resolved 5 . 86
Branching reaction and exon ligation are the two major steps of splicing 21, 22 . In the 87 branching reaction, the 2'-hydroxyl group of the branchpoint adenosine initiates an 88 attack on the 5'-phosphate of the donor splice site 23, 24 . This process leads to the 89 formation of a lariat structure. Next, the exons are ligated and the intron is released 90 through activity of the 3'-hydroxyl group of the 5' exon at the acceptor splice site 21 . 91
Previous in-depth analyses of non-canonical splice sites in fungi and animals were 92 often focused on a single or a small number of species 9, 25, 26 . Several studies 93 focused on canonical GT-AG splice sites but neglected non-canonical splice sites 94 4 27,28 . Our understanding of splice site combinations is more developed in plants 95 compared to other kingdoms 10, [29] [30] [31] [32] [33] . Previous works reported 98 % GT-AG splice site 96 combinations in fungi 25 , 98.7 % in plants, 10 and 98.71 % in animals 9 . Consequently, 97 the proportion of non-canonical splice sites, other than the canonical splice site GT-98 AG, is around or below 2 % 9, 10, 25 . To the best of our knowledge, it is not known if the 99 value reported for mammals is representative for all animals. Non-canonical splice 100 site combinations can be divided into major non-canonical GC-AG and AT-AC 101 combinations and the minor non-canonical splice sites which are all other 102 dinucleotide combinations at the terminal intron positions. 
Intron size analysis 361
Assuming that non-canonical splice sites are not used or used at a lower efficiency, it 362 could be assumed that introns are more often retained than introns with canonical 363 splice sites. A possible consequence of intron retention could be frameshifts unless 364 the intron length is a multiple of three. Therefore, we investigated a total of 365 8,060,924, 737,783 and 2,785,484 transcripts across animals, fungi, and plants, 366 respectively, with respect to their intron lengths. Introns with a length divisible by 367 three could be kept in the final transcript without causing a shift in the reading frame, 368 because they add complete codons to the transcript. There is no significant 369 difference between introns with different splice site combinations ( Table 2 ). The ratio 370 of introns with a length divisible by 3 is very close to 33.3 % which would be expected 371 based on an equal distribution. The only exception are minor non-canonical splice 372 site combinations in fungi which are slightly less likely to occur in introns with a length 373 divisible by 3. 374 
Conservation of non-canonical splice site combinations across species 378
In total, A. thaliana transcripts containing 1,073 GC-AG, 64 AT-AC and 19 minor non-379 canonical splice sites were aligned to transcripts of all plant species. Homologous 380 intron positions were checked for non-canonical splice sites. GC-AG splice site 381 combinations were conserved in 9,830 sequences, matched with other non-canonical 382 splice site combinations in 121 cases, and aligned to GT-AG in 13,045 sequences. 383
Given that the dominance of GT-AG splice sites was around 98 %, the number 384 observed here indicates a strong conservation of GC-AG splice site combinations. transcript and peptide sequences were extracted as described before 10 . General 500 statistics were calculated using a Python script 10 . sequences of selected species. Hits with a score above 100, with at least 80 % 545 similarity and with the conserved sequence at the 5' end of the snRNA 67 were 546 investigated, as these sequences are potential U1 snRNAs. The obtained sequences 547 were compared and small nucleotide variants were detected. 548
To assess possible duplications of spliceosomal components, bait sequences from 549 various species were collected for central proteins in the spliceosome including pre-550 mRNA-processing factor 8 (PRP8), U1 small nuclear ribonucleoprotein C, U4/U6 551 small nuclear ribonucleoprotein Prp3, U4/U6.U5 small nuclear ribonucleoprotein 27 552 kDa protein and U5 small nuclear ribonucleoprotein. Putative homologues in all 553 animal species were detected based on Python scripts 68 and subjected to the 554 construction of phylogenetic trees as described previously 69 . 555
Genome sequences were systematically screened for U12 spliceosome hints via 556 Infernal (cmscan) v1. Genes were classified based on the presence/absence of non-canonical splice 588 combinations into four groups: GT-AG, GC-AG, AT-AC, and minor non-canonical 589 splice site genes. When having different non-canonical splice sites, genes were 590 assigned into multiple groups. Next, the transcription of these genes was quantified 591 based on RNA-Seq using featureCounts v1.5.0-p3 75 based on the RNA-Seq read 592 mapping generated with STAR v.2.5.1b. Multi-mapped reads were excluded from the 593 analysis and expression values were calculated at gene level (-t gene). Binning of the 594 genes was performed based on the fragments per kilobase transcript length per 595 million assigned fragments (FPKMs). Despite various shortcomings 76 , we consider 596
FPKMs to be acceptable for this analysis. Outlier genes with extremely high values 597
were excluded from this analysis and the visualization. Next, a cumulative sum of the 598 relative bin sizes was calculated. The aim was to compare the transcriptional activity 599 of genes with different splice site combinations i.e. to test whether non-canonical 600 splice site combinations are enriched in lowly transcribed genes. 601
Usage of splice sites was calculated per intron as previously described 
